As with many micronutrients, the trace metal copper is essential for development of mammals. Not long after its seminal role in sustaining hemoglobin levels was discovered, copper was also found to be needed to prevent neonatal ataxia in lambs born to ewes grazing on pastures low in copper (1) . Copper is also important in reproduction. More than 70 y ago Keil and Nelson (2) reported that copper, in addition to FeCl 3, needed to be added to a milk diet so female rats could reproduce. Several other groups have carefully shown that copper deficiency can lead to reproductive failure and fetal resorption if the deficiency is imposed before mating (3) (4) (5) . The limiting factor is likely copper itself because copper added to serum from copper-deficient rats can reverse the malformations observed in rat embryo cultures (6) . This role for copper in supporting fetal development has recently been highlighted when two independent groups reported death during midgestation in mice that were missing CTR1, the gene coding for the high affinity copper transport protein (7, 8) .
In humans a role for copper and reproduction is less well established. The primary potential developmental problem is the risk of copper deficiency in preterm infants 3-6 mo after birth (9, 10) . The recent dietary reference intakes established for copper were largely based on studies with adult men and postmenopausal women and suggest an adult recommended dietary allowance (RDA) of 900 g for copper (11) . The RDA for pregnancy is 11% higher, 1000 g and for lactation 44% higher, 1300 g.
Is this extra copper sufficient? The purpose of the rodent experiments described herein was to evaluate the needs of copper for adult women compared with those during late gestation/lactation. Results indicate that the needs for copper to support perinatal development are far greater than for adult copper homeostasis.
MATERIALS AND METHODS
Animal care and diets. Adult male and female ND4 Swiss Webster mice were purchased commercially (Harlan Sprague Dawley, Indianapolis, IN). Mice received one of two dietary treatments, copper-deficient (ϪCu) 3 or copper-adequate (ϩCu), consisting of a copper-deficient purified diet (Teklad Laboratories, Madison, WI) and either low copper drinking water or copper-supplemented drinking water, respectively. The purified diet was similar to the AIN-76A diet (12,13). It contained the following major components (g/kg diet): sucrose, 500; casein, 200; cornstarch, 150; corn oil, 50; cellulose, 50; modified AIN-76 mineral mix, 35; AIN-76A vitamin mix, 10; DL-methionine, 3; choline bitartrate, 2; and ethoxyquin 0.01. Cupric carbonate was omitted from the AIN-76 mineral mix. The purified diet contained 0.30 mg Cu/kg and 43 mg Fe/kg by chemical analysis. Mice on the ϪCu treatment drank deionized water, whereas ϩCu treatment groups drank water that contained 20 mg Cu/L by adding CuSO 4 . Mice were given free access to food and drinking water. All mice were housed at 24°C with 55% relative humidity on a 12-h light cycle (0700 -1900 h). All protocols were approved formally by the University of Minnesota Animal Care Committee.
In expt. 1, four breeding units were set up two to three females/ male. Males were rotated to each unit and then removed. Females 2 To whom correspondence should be addressed. E-mail: jprohask@d.umn.edu.
were randomly divided into two groups 2 wk after the units were first set up. The day of parturition was considered embryonic d 21 (E21) or postnatal d 0 (P0). Day of birth, litter size, and survival were recorded. In expt. 1, dams were killed at P13 because ϪCu pups were all dead. Experiment 1 was repeated partially with four females placed on the ϪCu treatment after the first trial ended with poor pup survival.
In expt. 2, four breeding units were set up and dietary treatments were delayed until E19. Offspring were weaned when 3 wk old and maintained on the same treatment as their respective dams for an additional wk after transfer to stainless steel cages. A total of nine litters (four ϩCu and five ϪCu) were sampled. Male offspring were killed at P28 to establish copper status. This paradigm is similar to that described previously (14) .
An additional study, expt. 3, was conducted in which 10 agematched, adult female mice were placed on either ϩCu or ϪCu treatments for 3 wk to compare with the dams in expt. 1. This time-frame corresponds with E13 to P13 of expt. 1.
Mice were anesthetized with diethyl ether and decapitated. A sample of blood was collected to measure hematocrit and hemoglobin. Livers were removed and processed for biochemical analysis.
Biochemical analyses. Plasma from the hematocrit tubes was used to measure ceruloplasmin activity by following the oxidation of o-dianisidine (15) . Approximately 1-g portions of liver and diet were weighed to the nearest 0.1 mg and were wet-digested with 4 mL of concentrated HNO 3 (TraceMetal grade; Fisher Scientific, Pittsburgh, PA), and the residue was brought to 4.0 mL with 0.1 mol/L HNO 3 . Samples were then analyzed for total copper and iron by flame atomic absorption spectroscopy (Model 2380; Perkin-Elmer, Norwalk, CT). The method was checked with a certified standard, U.S. National Bureau of Standards 1577 bovine liver (Gaithersburg, MD).
Statistics. Dietary treatment effects were evaluated by Student's t test after variance equality was tested or by factorial ANOVA and Scheffe's test. Data were analyzed using a personal computer and statistical software (Statview 4.5; Abacus Concepts, Berkeley, CA). Differences were considered significant at P Ͻ 0.05.
RESULTS
Mouse dams that were placed on their respective dietary treatments (ϩCu or ϪCu) 8 d before parturition (E13) maintained their pregnant state and delivered average size litters, independent of previous treatment (Table 1) . However, all the pups from the three ϪCu litters were dead by P13, whereas all three litters of ϩCu pups were healthy and survived to weaning. In expt. 2, when the start date for treatments was delayed until E19, there were no differences in pregnancy rate, litter size, or survival to weaning between ϩCu and ϪCu dams (Table 1) . We repeated expt. 1 (treatment onset E13) with four additional ϪCu females. Two of four delivered pups, but none survived beyond P17.
To make certain that the dietary treatment effects in expt.
2 (E19 onset) were similar to expt. 1 (E13 onset), we studied 28-d-old male offspring from dams in expt. 2 ( Table 2) . Compared with P28 ϩCu males, ϪCu males were anemic (lower hematocrit), had near total loss of ceruloplasmin diamine oxidase activity, had a 50% lower liver copper concentration, and had a robust increase in liver iron concentration. These features are prominent characteristics of rodents after dietary copper deficiency (14) . Experiment 3 was conducted to compare the effects of 3 wk of copper depletion in pregnant and lactating dams (expt. 1) with those in nonpregnant female mice. There were remarkable differences between mouse dams and nonpregnant female mice ( Table 3) .
Compared with ϩCu dams, ϪCu dams were anemic, had 89% lower ceruloplasmin activity, had 45% lower liver copper and Ͼ 2-fold higher liver iron concentrations. Remarkably, we did not detect any biochemical difference between ϩCu and ϪCu nonpregnant females fed the same diet for the same length of time (Table 3 ). There were significant interactions between diet and physiological state because the ϪCu dams were clearly different from the other three treatment groups. Body weights differed between dams and nonpregnant mice, as expected. We estimate that the ϪCu dams and nonpregnant female mice were consuming ϳ0.05 mg Cu/kg body.
DISCUSSION
The current experiments in mice revealed a striking dependence on the timing of gestational copper deficiency. No pups survived to weanling when treatment began 8 d before birth, whereas all pups survived when treatment began 2 d before birth. We previously reported similar findings that timing of onset of copper deficiency was directly related to the copper status of the pups (16) . In that study, poor pup survival was mentioned but not documented when ϪCu treatment began at E14. What is the critical copper-dependent process? It is generally believed that the biological functions of copper are expressed via specific cuproenzymes. It is difficult to pinpoint which cuproenzyme might be limited by dietary copper restriction and explain the outcomes in the current studies. Experiments with mutant mice can clarify this process somewhat. Mice not expressing the cuproenzymes ceruloplasmin, Cu, Zn-superoxide dismutase, or tyrosinase survive and show no major reproductive problems. Mice not expressing certain homeostatic genes such as the membrane transporter CTR1, the chaperone Atox1, or the efflux transporter ATP7A die in utero or shortly after birth (7, 8, 17, 18) . Likewise, mice devoid of dopamine-␤-monooxygenase die in utero (19) . The consequences of total loss of cytochrome c oxidase, peptidylglycine ␣-amidating monooxygenase or lysyl oxidase via null mice have not yet been published; however, their deletion would likely be lethal. One or more key cuproenzyme reductions could explain the outcome of the present studies.
It could be questioned whether mice are a good mammalian model for perinatal copper nutrition. Previous studies have indicated that longitudinal changes in milk copper in mice parallel those of humans more closely than rats (20 -22) . In both mice and humans, milk copper changes little throughout lactation, whereas in rats, milk copper drops rapidly from a higher initial level. Mouse milk copper concentration drops significantly after dietary copper deficiency (23) . The copper status of infants who are drinking formula rather than breast milk can be affected by factors such as thermal processing and iron supplementation (24) . Thus, it is possible to influence copper status of human infants by alteration in diet or infant formula.
It could be argued that the changes we observed in mice were due to severe copper deficiency. Recall, however, that the same protocol that failed to provide enough copper for perinatal survival did not alter any biochemical (clinical) features of adult females. Thus, the copper requirement in mice for pregnancy and lactation must far exceed that for the nonpregnant adult. We estimated that our ϪCu female mice were consuming ϳ0.05 mg Cu/kg body. This exceeds the copper intake of a 60-kg woman consuming the copper RDA (0.9 mg) or a 65-kg pregnant woman consuming 1.3 mg of copper. Both result in an estimate of 0.02 mg Cu/kg. Comparisons between species based on body weight may not be apropos. A 2500 kcal/d (10.46 MJ/d) human diet containing 500 g of dry matter and the RDA of copper, 0.9 mg, corresponds with 1.8 mg Cu/kg. This would be considered a marginally copper-deficient diet for reproducing rodents. Perhaps the target group most susceptible to altered copper status is young females who become pregnant. Hunt and Meacham (25) reported an average daily copper intake for this group of 720 g, which is below the RDA of 890 g. Because it is currently difficult, if not impossible, to detect biochemically marginal Cu deficiency, efforts should be made to develop suitable methods for this purpose and to encourage adequate copper intake to support development of the fetus and infant.
It should also be pointed out that alterations to the immune system and cardiovascular system of rats were documented in offspring of dams maintained on marginal copper treatments of 2.8 mg Cu/kg (26, 27) . In fact, no biochemical differences were detected between control rats and those on chronic marginal Cu intake. The brain development of rats can also be impaired by moderate copper deficiency of 1.8 mg Cu/kg body (28) . If copper deprivation is continued throughout lactation, the offspring demonstrate persistent irreversible behavioral changes even when repleted with copper for 5 mo (29) . It is important to determine the copper requirement for human fetal development and for human infants. It is equally important that we recognize that copper supplementation may be necessary during gestation and lactation to provide the copper RDA or to provide extra copper in case the current RDA is set too low. 
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